Introduction
Scant attention is usually given to the exact effect of fittings in the design of piping systems. Their influence on the overall pressure drop can be significant for singlephase flow. In this work attention is focussed on the determination of pressure drop in bends with single-phase flow. An extension to multiphase flows will be presented in a subsequent paper.
Single-phase deflected flow can be divided arbitrarily into two separate cases, that for curved pipe at high R/d values, and for sharp elbow bends at low values of Wd. The two are obviously interlinked but normally the former has fully developed flow with the virtual absence of inlet and outlet tangent effects, while the latter eIbow bend has undeveloped flow with both inlet and outlet tangent effects.
* Author for correspondence. I07 I. Curved Pipe There have been a number of reviews on the effects of fully developed flow in curved circular tube [l-41. Dean [5-71 used perturbation solutions to show that the central core of the fluid moved more rapidly than the average flow and was forced outwards from the centre of curvature by centrifugal action. On the other hand, the slower moving wall region of the fluid moved inwards towards the centre of curvature where the pressure was lower. Thus a two helical vortex secondary flow was established radially to the main axial flow, as shown in Figure 1 , as mirror imaged rotating spirals in the upper and lower semi-circular cross section of the pipe. Such steady secondary flow caused an increase in frictional resistance over that in a straight pipe. Additional secondary vortices occur above some definite Dean number [8-131, as defined by: 
They gave a consistently high result (+2.7%) but did allow the effect of coil pitch to be correlated by the inclusion of &, , the radius of coil curvature.
Secondary flow in curved geometries were shown to be influenced by the actual cross sectional area shape. Laminar flow in curved channels of rectangular [ 149, [184] [185] [186] [187] [188] [189] [190] 1921 have demonstrated that the secondary flow formed in a curved pipe was a steady helical swirling motion that stabilised the axial flow such that the transitional Reynolds number to turbulent flow (Re,,) exceeded that for straight pipe (Re,,). Spedding and Chen [191] have shown that the elimination of disturbances in the flow or vibration then allowed flow in straight pipe to remain laminar up until Re,,, z 40,000 in contrast to that normally registered, i.e. Rescr 
The average result was within +17% of the data, being poor in the region d/D < 0. 
(iii) Turbulent Flow
Turbulent flow in curved pipes has proved to be more complex than for laminar flow. The measured velocity distribution 1102, 123, 126, 192, 1931 showed that the maximum axial velocity was near the pipe outside wall with the slower moving fluid chiefly restricted to a relatively thin shedding layer near the walls. The flow pattern was more complex than in the laminar flow case [78] but has been qualitatively predicted using a two-equation turbulence model [57] . The radial pressure gradient created in the bend propagated upstream into the inlet pipe through the wall boundary layer. The loss coefficient was affected by the upstream and downstream tangents [52, 781. The maximum pressure loss was achieved when the fluid had passed through a rotational angle of about 120' [193, 1941 . Ward-Smith El951 showed that the gross pressure loss for square and circular cross-sectional curved pipe were about the same. Using the shedding layer concept of Weske [123] [201] , showed generally poor performances. Some workers have highlighted an effect due to pipe roughness [201-2031, and Das [202] has presented a model incorporating E/d. Equations (9), (121, (17) , (18), (20) and (21) all gave over-predictions which were attributable to being derived from work on non-smooth tubes of various E/d values. Equations (16) and (22) tended to give low predictions. Equation (21) allowed for the effect of coil pitch and according to Singh and Mishra [200] also for the effects of certain nonNewtonian flows.
Elbow Bends
Steady single-phase flow has been reported for pipe elbow bends generally with R/d < 5 for various deflection angles up to 360". Considerable interest has been shown in the 180" U bend [53,57, 64,66-68, 78, 114, 123, 193, 194,204-2061 but far less attention has been directed to the more widely used 90" elbow bend. Generally the pressure drop through elbow bends is considerably larger than for the straight pipe equivalent and adds significantly to the losses sustained in piping systems. Designers usually apply the general rule that a 90" elbow bend has a pressure drop equivalent of 30 to 50 pipe-diameters length of straight pipe [207] . However, when the estimation of pressure drop can have a critical effect on operation or plant safety, such as on the downstream side of a relief value, a more exact method is desirable.
There have been a number of different ways proposed to calculate the elbow pressure drop from raw experimental data. A future paper on multiphase flow in bends will show that the most consistently reliable method of calculation is that detailed by Ito [204] and others [208] . Figure 2 is the pressure drop through a horizontal 90" elbow bend. AC and DF are the inlet and outlet pipe tangent lengths, CD is the total elbow bend centreline length, while BC and DE are the inlet upstream and outlet downstream transitional regions. The actual pressure distribution is a-b-c-d-e-f, whle a-b-c'-d'-e'-f is the straight pipe distribution for the equivalent centre line pipe length. The pressure drop f-f is that due to the elbow bend itself APB. The corrected pressure distribution a-b-c'-d' '-e' '-f ' includes a straight pipe loss equivalent to the length CD of the elbow bend centre line which results in f -f' the equivalent pressure drop APpE due to the length of the elbow bend. The straight pipe pressure drops in the upstream and downstream tangent legs have been extended to C and D, the points of physical commencement of the elbow legs. Thus the true pressure loss due to the bend is APBT. This approach of treating the elbow bend as a complete entity has the advantage of making the bend resistance easier to formulate and the actual results possess a more consistent pattern.
Perry [207] has detailed other methods used to calculate elbow bend pressure drops from raw measurement data. In general they gave smaller absolute values of resistance, required more detailed calculation and resulted in scatter and inconsistencies in subsequent handling. In some cases the distance CD was reduced to that of the actual bend in the elbow, i.e. without any length for its legs to flanges, etc. In other cases compensation was made for the centre line distance, or the centre line intersectional distance, of the bend in order to arrive at a value for APB stripped of any element due to length within the system. The differences between approaches can be significant, particularly as Wd increases as shown in Figure 3 . There remains the additional complication that some workers have not unambiguously stated the exact method used to calculate either the elbow or bend pressure drop. Characterisation of the bend is usually made by the R/d parameter but in some cases [209, 2101 it is unclear how the bend was described. What is certain is that the inner wall of the bend must coincide with that of the connecting straight pipe if excessive pressure drop is to be avoided. For example, a screwed elbow bend of Wd = 0.814 and Wd, = 0.63 had about double the total bend pressure drop APBT of a smooth inner wall equivalent [204] . In addition Pigott [210] showed that crinkling on the inner bend wall, due to faulty manufacture, appreciably increased the bend pressure drop. Often the pressure drop has been presented in terms of velocity heads instead of the more useful equivalent pipe length expressed as internal pipe diameters, i.e. 1Jd.
The use of K values results in a pressure drop parameter that varies with pipe roughness, where:
The equivalence between the two methods of presentation is given by:
For elbow bends the excess pressure drop due to both the separation at the inner wall and that in the tangent legs BC and DE was proportionally much greater than that observed for curved pipes at larger R/d values. Eustice [114] showed by dye visualisation studies that even for laminar flow separation, reversal of flow and greater turbulence was observed when R/d < 3. Analytical evaluation using both inviscid potential and rotational flow has given general qualitative agreement with the observed pressure distribution through elbow bends [l]. Ito [204] reported a significant circumferential pressure variation within the actual elbow bend, much greater in fact than for curved pipe. On the outer wall of the elbow bend the observed pressure was high due to fluid impaction. However at the inner bend wall, separation of the boundary layer with subsequent formation of secondary circulation currents took place resulting in a low value of the recorded pressure in this region. Stagnation points have been observed in both of these regions 
Experimental Details
The experimental measurements were designed and conducted in the light of the foregoing review. The apparatus is shown schematically in Figure 4 , and the actual details of the commercial 90" elbow bend are given in Figure 5 . The system was designed as a multiphase rig but was operated here using air up to a flowrate of 0.02m3 s-' at atmospheric conditions. Measurement of flow was by calibrated rotameters. 
Results and Discussion
Single-phase air flow through the tangent lengths X and Z were in agreement with the Moody diagram pressure loss for smooth pipes, when the former was corrected for gravity head. The fluctuation range in the inlet tangent X approximately doubled in size around the transitional Re, range. Figure 6 shows the results of this work together with data from a number of sources [204, [208] [209] [210] 218 -2211 some of which exhibit a wide variation. There was even a wide divergence between quoted data and the original source in some instances. For example, Fitzsimmons [218] reported data by Beji [219] that were much higher in actual values than the original, no doubt caused by attempting to bring data to a consistent basis. Some results in Figure 6 can be expected to be rather low since they were calculated as APB only [213, 2221, or had insufficient elbow tangent lengths. The most reliable data were those by Ito [204, 220, 2211 to which other workers [208, 2221 have shown reasonable agreement, as also did some models [223, 2241 . The scatter of unreliable data evidenced in Figure 6 was magnified when used to handle multiphase flow in elbow bends.
The reliable data in Figure 6 had a minimum in the pressure drop at Wd = 2.5. Ito [204] showed that similar minimum values occurred for the 45' and 180" bends that were respectively below and above the 90" elbow bend data shown in Figure 6 . This minimum highlights the optimum design of an elbow bend in order to minimise pressure drop. The minimum in Figure 6 proved to be insensitive to ReG. Of course the pressure drop does not go on increasing with Wd indefinitely, but eventually returns to the straight pipe value as R/d -cq With large values of Wd the dominant influence on excessive pressure loss was outer wall friction. As Wd was reduced the length of the bend decreased, causing a steady reduction in the excess pressure drop. At Wd > 10 the elbow bend pressure drop can be predicted within *l% by Equations (lo), (1 l), (13)-(15) and (19) for turbulent flow conditions. Below this value of Wd, the pressure loss in the entry and exit tangent lengths begins to be of importance and also when separation of flow on the inner bend wall starts to have an effect. Below R/d 2 5, the latter separation becomes the predominant cause of pressure loss. Crawford et al. [227] have shown that the elbow bend pressure drop can be predicted by the addition of (l,/d)c from Equation (10) [16, 83, [196] [197] [198] [199] 2011 , but a theoretical treatment has proved to be difficult except at high Rfd values. Single-phase flow in elbow bends is reviewed with potential problems of measurement and data handling emphasised. The fluid dynamics in elbow bends proved to be complex, with separation and boundary layer effects causing downstream flow to exhibit cyclic characteristics that have not been amenable to theoretical treatment. An empirical correlation is presented for pressure loss prediction in elbow bends. These data will be essential for the effective handling of two-and three-phase flow in bends. 
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